benzoate under strictly anaerobic conditions, provided nitrate was present, even though protocatechuic acid-4,5-oxygenase was repressed. Suspensions of cells grown anaerobically on p-hydroxybenzoate oxidized benzoate with nitrate and produced 4 to 5 umoles of CO2 per Mmole of benzoate added; these cells did not oxidize benzoate aerobically. The patterns of the oxidation of aromatic substrates with oxygen or nitrate by cells grown aerobically or anaerobically on different aromatic compounds indicated that benzoate rather than protocatechuate was a key intermediate in the early stages of anaerobic metabolism. It was concluded that the pathway for the anaerobic breakdown of the aromatic ring is different and quite distinct from the aerobic pathway. Mechanisms for the anaerobic degradation of the benzene nucleus by Pseudomonas PN-1 are discussed.
The aerobic degradation of aromatic compounds by microorganisms has been studied in detail by several groups of investigators (2, 5, 12) . Molecular oxygen is required for cleavage, and for most aromatic molecules molecular oxygen is also required in the preparation of the benzene ring for cleavage. Oxygen is incorporated directly into the degradative products and is essential for the catabolism of aromatic compounds by these mechanisms. The breakdown of aromatic compounds by microorganisms under anaerobic conditions has received, in comparison, little consideration. Tarvin and Buswell (18) , 26 years ago, obtained from the sludge of anaerobic digestion tanks of sewage plants mixed cultures of microorganisms which fermented a range of aromatic compounds to a mixture of CO2 and CH4. Clark and Fina (1) , using mixed cultures from a similar source, confirmed that benzoate was degraded to a mixture of CO2 and CH4. Fina with pHBz as a substrate, a bacterium was isolated which grew either aerobically or anaerobically on several aromatic compounds. Its facultative nature made the organism ideal for a comparison of the aerobic and anaerobic modes of degradation of aromatic compounds. The comparison revealed that the anaerobic degradative pathway was quite distinct and independent of the aerobic pathway. Mixed cultures of bacteria have been reported to grow anaerobically by nitrate respiration on aromatic compounds (13) , but this is the first report of a pure culture of a microorganism possessing this ability.
MATERIALS AND METHODS
Isolation and cultivation of the organism. The medium (adjusted to pH 8.5 with NaOH) contained: Na2HPO47H20, 7.9 g; KH2PO4, 1.5 g; NH4CI, 0.3 g: KNO3, 2.0 g; MgSO4.7H20, 0.1 g; trace metal solution (19), 5.0 ml; and water to 1 liter. The trace metals and magnesium sulfate were sterilized separately. KNO3 was omitted for aerobic cultivation. Neutralized solutions of aromatic compounds were added at a final concentration of 5 mm. Media were usually autoclaved, but solutions of thermolabile compounds, e.g., catechol and protocatechuate, were sterilized by filtration (mean pore size, 0.45 jim; Millipore Corp., Bedford, Mass.).
The organism was isolated from soil by an enrichment technique. Screw-cap tubes (capacity, 20 ml) were filled with anaerobic medium, containing pHBz as substrate, and were inoculated with soil samples. After several weeks of incubation at 30 C in the dark, one tube became turbid and vigorously evolved a gas. After several transfers through liquid anaerobic medium, the culture was streaked on solid anaerobic medium and incubated in a desiccator (desiccant omitted). The desiccator was evacuated and contained, in a small beaker, chromous chloride solution to remove residual oxygen. A pure culture was obtained by repeated streaking of isolated colonies, and finally a single colony was reinoculated into liquid anaerobic medium.
The culture was maintained on pHBz at 30 C in screw-cap tubes filled with liquid anaerobic medium and was subcultured every 1 to 3 days. Stock cultures were preserved as stabs in solid anaerobic medium at 5 C. Inocula (1%, v/v) grown anaerobically on pHBz were used to seed bulk cultures. Cells were grown aerobically in 500-ml portions of medium (contained in 2-liter Erlenmeyer flasks) with rotary shaking at 30 C. Crops of cells for manometric studies were grown anaerobically at 30 C in 500-ml screw-cap bottles filled with medium. Cell-free extracts of cells grown anaerobically were prepared from cultures grown under strictly anaerobic conditions. Prior to incubation, these cultures were gassed for 15 min with argon which had been passed through chromous chloride solution and hot copper wire to remove traces of oxygen.
Cells were harvested, in the later stages of exponential growth, by centrifugation at 16,000 X g for 20 min at 5 C and then were washed twice in one-tenth the culture volume of a cold buffer containing the phosphate constituents of the medium adjusted to pH 8.0 with NaOH (T3 buffer). The washing buffer for cells grown anaerobically, and destined for anaerobic manometric studies, was supplemented with 0.2% (w/v) KNO. Cells were either resuspended in T3 buffer for manometric experiments or stored at -20 C for later preparation of cell-free extracts.
Manometry. The oxidation of aromatic substrates was measured at 30 C by use of a Warburg apparatus fitted with a gassing manifold (Gilson Medical Electronics, Middleton, Wis.). Warburg flasks contained: tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer (pH 8.0), 100 jAmoles; KNOs, 40.umoles; aromatic substrate, 10 jAmoles; cell suspension (in 1.0 ml of T3 buffer) or cell-free extract; and water to 3.0 ml. KNO3 was omitted in aerobic experiments. The center well contained 0.10 ml of 20% (w/v) KOH, but in experiments to measure CO2 production this was omitted and 0.20 ml of 2 N H2S04 was tipped in, from a side arm, at the end of the reaction to liberate bound CO2. After equilibration, the substrates and KNO3 were added from a side arm at zero time. In anaerobic experiments, the flasks were gassed for 10 min with argon.
Cell-free extracts. Cells were suspended, in the ratio of 1 g (wet weight) to 3 to 5 ml of 0.1 M Tris buffer (pH 8.0), and, after the addition of an equal weight of Ballotini beads, were disrupted by exposure to ultrasonic oscillations, for 5 min at 5 C, from an ultrasonic disintegrator (Measuring and Scientific Equipment, London, England). Suspensions of disintegrated cells were centrifuged at 20,000 X g for 20 min at 5 C to prepare a crude extract. The crude extract was then centrifuged at 96,000 X g for 2 hr at 5 C, and the supernatant, or "soluble," fraction was retained. The "soluble" fraction usually contained 5 to 10 mg of protein per ml.
Enzymatic assays. Standard procedures were used to assay catechol-2,3-oxygenase (3) and protocatechuic acid-4,5-oxygenase (3) with a Gilford Model 2000 multiple sample recording spectrophotometer (1-cm light path). Each cuvette contained: Tris buffer (pH 8.0), 150 pmoles; catechol or sodium protocatechuate, 0.5 jumole; various amounts of "soluble" extract; and water to 3.0 ml. The substrate was added last. The formation of a-hydroxy-y-carboxymuconic semialdehyde (HCSMA) was followed at 410 nm, and the production of a-hydroxymuconic semialdehyde, at 373 nm. A molar extinction coefficient of 2.90 X 104 cm2 per mole was used to calculate the amount of HCMSA formed (3). Specific activities were expressed as micromoles of HCMSA formed per minute per milligram of protein.
Other methods. Nitrite was estimated by diazotization with sulfanilic acid and coupling with a-naphthylamine (15) . pHBz was measured by the method of Folin and Ciocalteau (7) . Protein was determined by the method of Lowry et al. (10) 
RESULTS
Description of the organism. The organism was a small, short, motile, gram-negative rod, almost ovoid in shape. Cells were often paired and, especially during aerobic growth, chains of paired cells were sometimes observed. Cells grown aerobically were larger than those grown anaerobically. Motility was characteristic of polar flagellation, and a positive result was obtained with the N,N'-dimethyl-p-phenylenediamine oxidase test (17) . On the basis of these characteristics and because of its facultative denitrifying ability, the organism was tentatively identified as a pseudomonad and was given the trivial name Pseudomonas PN-1. Under anaerobic conditions, colonies on pHBz-agar were small (1 to 2 mm in diameter) and beige in color, but after 2 to 3 weeks of incubation they turned yellow and increased in size (3 to 4 mm in diameter). Colonies formed under aerobic conditions were of a similar size but were white in color. Aerobically or anaerobically grown colonies were circular and raised, and had sharp margins.
Nitrate was essential for the anaerobic growth of the organism on pHBz. Either in the light or dark, no growth occurred on media lacking KNO3 or on a malate-yeast extract medium suitable for the propagation of purple nonsulfur bacteria. Isolated colonies of Pseudomonas PN-1 grown anaerobically on pHBz plates were inoculated into aerobic liquid pHBz medium. These cultures grew after aerobic incubation but retained their potential for anaerobic growth. The buoyant density of deoxyribonucleic acid (DNA) extracted from aerobically and anaerobically grown cultures of Pseudomonas PN-1 was determined by the CsCl density gradient method (14) . The density of the DNA in both cases was identical at 1.726 g/cc, corresponding to a guanine plus cytosine content of 67.3%. No satellite bands of DNA were detected. Pseudomonas PN-1 had a generation time of 4 hr during anaerobic growth on pHBz. Growth was proportional to pHBz utilization, and nitrite accumulated during the early stages of exponential growth (Fig. 1) . Nitrite later disappeared, and a gas, presumably nitrogen, was evolved. Nitrite accumulated to a toxic level if the concentration of KNO3 was raised from 0.2 to 0.5% (w/v).
Growth experiments. Pseudomonas PN-1 grew, both aerobically and anaerobically, after 1 to 2 days incubation on pHBz, benzoate, and m-hydroxybenzoate (mHBz Table 2) . The "soluble" cell fraction contained protocatechuic acid-4, 5-oxygenase, and the product from spectrophotometric assays exhibited a spectrum, in acid and alkali, identical with that of HCMSA. These results were consistent with a meta cleavage mechanism of protocatechuate.
Cells grown aerobically on mHBz oxidized mHBz, protocatechuate, and pHBz, but not b Gas phase, air; 60 min of incubation at 30 C after tipping in substrates.
Gas phase, argon; 60 min of incubation at 30 C after tipping in substrates. Pseudomonas PN-1 grown anaerobically on pHBz oxidized benzoate with KNO3, with the evolution of 4 to 5 ,umoles of CO2 and about 3 umoles of N2 per ,umole of benzoate. The liberation as CO2 of 60 to 70% of the carbon of benzoate indicated that the benzene ring had been disrupted and degraded under anaerobic conditions.
The repression of protocatechuic acid-4, 5-oxygenase, under strictly anaerobic conditions, and the continued rapid growth of Pseudomonas PN-1 on pHBz (mean generation time, 4 hr) further supports the idea that a pathway distinct from known aerobic mechanisms is operating under anaerobic conditions.
The anaerobic growth by nitrate respiration of mixed cultures of microorganisms on protocatechuate was reported by Oshima (13) . Anaerobic growth on protocatechuate required a combination of a denitrifying pseudomonad and a nonmotile, gram-negative isolate which had "rather anaerobic tendencies" (13 Oshima (13) concluded that, during the anaerobic growth on protocatechuate, the oxygen atoms of nitrate were incorporated in a manner similar to that for molecular oxygen in the aerobic pathway involving an oxygenase, and that the aerobic and anaerobic pathways had common intermediates.
The present work does not reveal the mode of cleavage of the aromatic ring by Pseudomonas PN-1 under anaerobic conditions, but it does indicate that the pathway is different from the aerobic route of metabolism. Furthermore, the anaerobic pathway of degradation requires anaerobiosis for its operation because, for example, benzoate is metabolized anaerobically but not aerobically by suspensions of cells grown anaerobically on pHBz.
The pathway of anaerobic degradation of benzoate by R. palustris has recently been partially elucidated (4, 8) . Benzoate is photometabolized with reduction to cyclohex-1-ene carboxylate followed by hydration to 2-hydroxycyclohexane carboxylate. Dehydrogenation then yields 2-ketocyclohexane carboxylate which is thiolytically cleaved to pimelate. Dutton and Evans (4) (Fig. 3) . This type of mechanism was suggested by Stanier (16) 
